A systematic study was performed to examine the frequency of columbid circovirus (CoCV) infection in diseased young pigeons submitted for necropsy and its relevance to pigeon health. Existing diagnostic methods were compared. Among 176 diseased young pigeons examined, CoCV infection was detected in 83 cases using negative contrast electron microscopy. Histopathological examination allowed a clear diagnosis in only 42 pigeons. Therefore, a polymerase chain reaction assay and an in situ hybridization test were developed as additional diagnostic tools. CoCV is by far the most frequently detected infectious agent in diseased young pigeons. Infected pigeons reveal a broad range of concurrent infections. Pathological findings suggest an immunosuppressive effect of CoCV.
Introduction
Circoviruses are the smallest animal viruses known. They are non-enveloped, isometric particles (diameter, 12 to 26 nm) and contain a single-strande d DNA genome. The family Circoviridae includes chicken anaemia virus (CAV) as the only member of the genus Gyrovirus, and porcine circovirus (PCV) as well as beak and feather disease virus (BFDV) as members of the genus Circovirus (McNulty et al., 2000; Todd, 2000) . This classification will probably be updated, because PCV type 2 (PCV2) (Hamel et al., 1998; Meehan et al., 1998; Morozov et al., 1998; Mankertz et al., 2000a) and columbid circovirus (CoCV) (Mankertz et al., 2000b) have been isolated and sequenced recently and proposed as new members of the genus Circovirus. A virus with 67% nucleotide identity with the replication associated protein gene of CoCV has been demonstrated in canaries (Todd et al., 2001) . CoCV shows homology to BFDV, PCV1 and PCV2 in genome structure, as well as in sequence and structural elements of the putative origin of replication in the amino acid sequence of the replicase and in the putative capsid protein.
A common characteristic of PCV2 infection in pigs, BFDV infection in psittacine birds and CAV infection in chickens is damage to lymphoreticula r tissue. A recently described circovirus infection in geese, related to a runting syndrome, is associated with a very similar pathological pattern (Soike et al., 1999) . Immunosuppression is therefore thought to be a feature of circovirus infections in different species. Nayar et al. (1999) demonstrated the presence of a circovirus PCR product in lung tissue from cattle with respiratory disease or lung tissue of aborted bovine foetuses. Circovirus-like particles have been observed in our laboratory in the lymphoreticula r tissue of muscovy ducks and pekin ducks, and in a faecal sample from a cow with diarrhoea. Little is known about the prevalence of circoviruses in wild bird populations. Recently, a circovirus infection in black-backed gull (Larus dominicanus) has been described (Twentyman et al., 1999) , suggesting that circoviruses may be more widespread in avian species than previously recognized.
The first cases of circovirus infection in pigeons were reported from the US (Schmidt, 1992; Woods et al., 1993) . Since then, the agent has been identified in diseased pigeons from South Africa (Gerdes, 1993) , Australia, Canada (Woods et al., 1994) , Great Britain (Smyth & Caroll, 1995) , Germany (Soike, 1997) and Belgium (Duchatel et al., 1998) . There are detailed descriptions of the pathology of circovirus infection in pigeons from individual cases (Woods et al., 1994; Paré et al., 1999) . However, little is known about the prevalence of the infection and its relevance to pigeon health. Smyth (1995) found histopathological evidence for circovirus infection in 14 of 24 young racing pigeons examined. Circovirus infection was detectable in 10 of 17 lofts, indicating a wide distribution of the infection among young racing pigeons in Northern Ireland.
This study describes a systematic study on circovirus infection in diseased young pigeons from a German region, and the development of diagnostic techniques that can be used to demonstrate presence of CoCV in infected pigeons.
Materials and Methods
To obtain data on the prevalence of CoCV infection in diseased young pigeons, 176 birds aged between 3 weeks and about 9 months were examined using negative-staining electron microscopy (EM) and histopatholog y. Animals were submitted for necropsy with a history of increased rearing losses and/or various clinical signs in individual birds. A full necropsy and diagnostic evaluation, including examinations for pathogenic bacteria, viruses, parasites, fungi and chlamydia, were performed in each case. Selected organs of each animal (lung, trachea, liver, kidney, intestine, bursa, thymus and spleen) were examined using negative-staining EM and histopathology following standard procedures .
Electron microscopy
Tissue homogenates were diluted 1:5 in phosphate-buffered saline (PBS), sonicated for 40 sec at 20 kHz and clarified for 15 min at 3000 ´g.
The supernatant was used for direct preparation and particle enrichment. A 400 mesh Zapon-covered and carbon-coated copper grid was placed on a drop of the supernatant or directly on the tracheal mucosa for 7 min. Following removal of excess liquid and a washing step in distilled water, the specimen was stained with 2% phosphotungstic acid in PBS (pH 6.0) for 7 min and air dried. For particle enrichment, the supernatant was centrifuged for 12 min at 120 000 ´g directly on the microscopic grid using an air-driven ultracentrifuge (Beckman Airfuge) with an A-110 Rotor. The enriched specimen was then stained as already described. Specimen grids were examined with a Jeol JEM 1010 electron microscope at 40 000-fold magnification and 80 kV.
Polymerase chain reaction
The newly established nested polymerase chain reaction (PCR) was used for examination of 41 selected tissue samples for the presence of CoCV DNA (Table 1) . These samples included 21 lymphoreticula r tissue samples from 16 diseased young pigeons, 12 additional tissue samples from one of the young pigeons, as well as seven samples from two pigeon embryos and one sample from a freshly embryonated egg submitted for diagnostic evaluation with diseased young pigeons. All samples were also examined using negative-staining EM to compare the reliability of both methods.
DNA was prepared from tissue samples as described previousl y (Mankertz et al., 2000b ). These samples were tested first using primers amplifying a fragment from the highly conserved cytochrome b gene as a control PCR. Only samples proven to be free of inhibitory components were subjected to the CoCV PCR. Since the highest diversity between circoviral genomes from different species is found within open reading frame C1, the putative cap gene, primers were selected from this region of the CoCV genome.
A 150 ng sample of DNA isolated from pigeon tissue was included in a reaction containing 0.75 U Taq polymerase, 1 ´PCR buffer (Perkin Elmer), 2 mM MgCl 2 , 200 mM dNTPs, 1 mM each primer and 5% dimethlysulfoxide in a volume of 25 ml. Primer F330 (bases 1282 to 1299, 59-TGAGGGTGGTCCAAGCAA) and primer B331 (bases 1893 to 1874, 59-ACAGGAGGAGTAGCCGTATT) were used in the firstround PCR. A 1 ml sample of the amplified DNA was diluted 1:50 and reamplified using primer pair F332 (bases 1375 to 1392, 59-ATGC-GAGCCCATAGTGAT) and B333 (bases 1711 to 1690, 59-TTAGT-GAAGGTGGAAATGAGAC) using the same conditions. Both reactions were incubated at 95°C for 12 min then at 95°C for 20 sec, 53°C for 20 sec and 72°C for 45 sec for 42 cycles, then at 72°C for 10 min. Amplification of the 336 bp second-round product was analyzed by subsequent gel electrophoresis. To ensure that CoCV-specific sequences had been generated, resultant PCR fragments were sequenced directly as described previously (Mankertz et al., 2000b) . Sensitivity of the nested PCR approach was tested with plasmid pTIK, carrying the complete CoCV genome cloned into vector pCR2.1. Serial dilutions of pTIK from 100 fg to 1 ag in 150 ng DNA isolated from circovirus-free PS cells (porcine kidney cells derived from PK-15 cells) were amplified as already described. Product analysis revealed that 1.3 copies of CoCV were detected in 150 ng template DNA (data not shown). Comparison of the nucleotide sequence of the cap genes of 606 D. Soike et al. PCV1 and PCV2, BFDV and CoCV (using the CLUSTAL W module of McVector) suggested that the primers for the CoCV-specific PCR should not amplify genomic DNA from related circoviruses. To ensure that the nested PCR amplifies CoCV specifically, 150 ng DNA isolated from PCV1-infected cells, spleen from a PCV2-infected pig or liver from a BFDV-infected parrot were tested by PCR with CoCV-specific primers #330/#331 and #332/#333. This did not result in a PCR product (data not shown), while PCR products were seen after testing of these samples with primers specific for each of the respective infectious agents. This indicated that CoCV was detected using with this nested PCR approach, but the DNA of other circoviruses was not.
In situ hybridization
To compare the reliability of the newly developed in situ hybridization test (ISH) and negative-staining EM, 50 selected lymphoreticular tissue samples from 20 diseased young pigeons (Table 2) were examined using both methods. Tissue sections were placed on Probe On Plus glass microscope slides (Fisher Scientific, Pittsburgh, PA, USA). A work-station was used to handle the slides, to control the temperature of the hybridization reactions and various incubations, and to minimize reagent consumption. Tissue sections were dewaxed in xylene and rehydrated in graded alcohols to Automotion Buffer (Biømeda Corp., CA, USA). They were then digested with 0.3% pepsin and incubated with 100% formamide for 5 min at 105°C. Sections were subsequentl y hybridized to a CoCV-specific, single-stranded, 42-nucleotide probe (59-ATAGTTGATGGGGTACTTCTTCATACAATCCGGAGCATCTT-C-39, bases 991 to 950) complementary to the 39 end of the rep gene. This DNA probe was end-labelled with digoxigenin. Hybridization was performed for 5 min at 105°C and for 45 min at 37°C. High-stringency washes were performed with saline sodium citrate buffer to ensure a complete match between the target nucleic acid and DNA probe. After the washes, an anti-digoxigenin antibody conjugated to alkaline phosphatase was applied to the sections. Colour was developed with nitroblue tetrazolium dye. Dye reduction to insoluble blue-black formazan indicated areas of probe hybridization. Tissue sections were counterstained with Fast Green, dehydrated, covered with coverslips, and examined. Sections of bursa of Fabricius from a previous case of CoCV infection diagnosed in Germany were used as a positive control for the ISH technique (Soike, 1997) . Negative controls consisted of spleen and bursa sections of a healthy pigeon. To test the specificity of the probe, tissue sections from a pig naturally infected with PCV2 and from a parrot naturally infected with BFDV were tested.
Results
Using negative-staining EM, circovirus infection was detectable in 48% (83 of 176) of the diseased young pigeons submitted for necropsy. The infected cases were distributed throughout the western part of the German federal state Brandenburg. Because of the seasonal breeding behaviour of the pigeon, 78% of the young pigeons were submitted for necropsy between June and November in the years 1996 to 2000. About 90% of the circoviruspositive young pigeons were detected during these months. Case histories often indicated increased rearing losses. With the age-related involution of the bursa and thymus, the frequency of circovirus detection could be expected to decrease. All circovirus-positive pigeons examined were aged between 2 weeks and approximately 9 months. Therefore, data of all pigeons older than 9 months of age were excluded from further analyses. Specific clinical features that might be attributed to circovirus infection were not reported. On gross examination, circovirus-specific pathological changes were not seen.
Histopathology
Histopathological changes indicative of circovirus infection were restricted to the lymphoreticula r tissue. Lesions ranged from follicular hyperplasia and mild lymphocytic necrosis to lymphocytic depletion and generalized histiocytosis. Usually, Pigeon circovirus infections 607 these changes were rather moderate in the spleen and thymus but particularly evident in the bursa of Fabricius, where severe cystic degeneration was commonly seen. In 51% of the pigeons confirmed as circovirus infected using EM, the histopathological detection of specific basophilic cytoplasmic inclusion bodies (Figure 1 ) within medullary and cortical regions of bursal follicles allowed a clear diagnosis. Circovirus inclusions were round to ovoid shaped, sharply demarcated and frequently formed botryoid clusters. Occasionally inclusion bodies were detectable in spleen and thymus.
Electron microscopy
In negatively stained preparations, CoCV appeared as small naked icosahedral particles without recognizable surface structure (Figure 2 ). The particle size was about 14 to 16 nm when stained with phosphotungstic acid and 16 to 18 nm when stained with uranyl acetate. In our study, virus particles were detectable in 90% of bursal, 52% of thymic and 50% of splenic samples from circovirus infected pigeons. CoCV was only occasionally detected in the intestine, lung, trachea, kidney, liver or bone marrow.
Diagnostic PCR
A total of 41 samples were investigated by PCR for the presence of CoCV (Table 1) . When 12 lymphoreticular tissue samples from 11 animals that had been confirmed circovirus infected using EM were tested, a 336 bp amplicon was obtained from all of them (data not shown). Sequencing of the PCR products revealed the expected CoCV-specific frag- ment. Another six lymphoreticular tissue samples from four animals, in which CoCV was not detected by EM, yielded positive PCR results. We investigated 15 samples of various organs from one pigeon, in which CoCV particles had been detected in the bursa, thymus, spleen and intestine using EM. The PCR assay detected CoCV in all samples: spleen, liver, kidney, lung, intestine, thymus, bursa, brain, gizzard, heart, muscle, skin, trachea and ovary ( Figure 3 ). DNA isolated from egg white and egg yolk of a freshly embryonated pigeon egg was negative. However, CoCV DNA was amplified from bursa, thymus or spleen from two embryos shortly before hatching, although not from their allantoic sacs. These results demonstrate that PCR is a powerful tool for CoCV detection.
In situ hybridization
Labelling was found mostly in the cytoplasm of infected cells and to a lesser extent in the nucleus. The amount of CoCV nucleic acid in tissues from the same pigeon was slightly variable. In most lymphoid tissues (bursa of Fabricius, spleen and thymus), large to intermediate amounts of viral nucleic acid were detected primarily in the cytoplasm and/or the nucleus of macrophages or histiocytic inflammatory cells, and reticular cells of the periellipsoidal cuffs of the spleen. Small round cells, which morphologically resembled lymphocytes, showed sporadic cytoplasmic labelling. Similarly, fibroblast-like cells located at the periphery of lymphoid follicles of the bursa of Fabricius had detectable viral nucleic acid within the cytoplasm. On the other hand, most of the cytoplasmic inclusion bodies observed in the follicles of the bursa had massive amounts of CoCV genome; only a few of them showed no staining. Distribution of the viral nucleic acid in the bursa of Fabricius was mainly follicular, both in the cortex and medulla (Figure 4) . The thymus had CoCV nucleic acid labelling mainly in the cortical areas, with lesser numbers of labelled cells in the thymic medulla; Hassall's corpuscles and epithelial cells were not stained. The spleen had viral genome mainly in periellipsoidal cuffs and also within the cytoplasm of macrophages located in the red pulp and in subcapsular areas. In those cases with lymphoreticular hyperplasia of the spleen, labelling was located within macrophages and sporadic lymphocyte-like cells of the lymphoid follicles. Viral nucleic acid labelling in the small intestine of one pigeon was located within the cytoplasm of Pigeon circovirus infections 609 macrophage-like cells (also in intracytoplasmi c inclusion bodies) in lymphocyte aggregates. No labelling was detected in the tissue of a pig infected with PCV2, nor in the tissue of a parrot infected with BFDV. A total number of 50 lymphoreticular tissue samples from 20 young pigeons were examined using both EM and ISH (Table 2) . EM detected circovirus in 37 samples, and CoCV nucleic acid was detectable in 36 samples by ISH. Corresponding results were obtained in 84% of the samples investigated.
Concurrent infections
A broad range of bacterial, viral, fungal and parasitic pigeon diseases were found as concurrent infections in 91% of the young pigeons infected with CoCV (Table 3) . Multiple concurrent infections were frequently observed. The detection of highly pathogenic agents, like Salmonella typhimurium, was more common in the circovirus-negative pigeons. On the other hand, agents of lower pathogenicity, such as Riemerellalike bacteria, were more common in circovirusinfected pigeons. Rotaviruses, rarely diagnosed in the pigeon, were detected only in three circovirusinfected birds in our study. Picorna virus-like particles, not previously detected in pigeons, were observed in another circovirus-positive bird.
Discussion
Circovirus infection in pigeons was demonstrated to be common throughout the study area. No other infection was detected with a comparable frequency in young diseased pigeons. Reliable diagnostic tools are therefore needed. CoCV-infected pigeons did not show specific clinical signs, although a wasting syndrome was frequently reported. Circovirus-specific pathological changes were essentially restricted to the lymphoreticular tissue. Histopathological lesions did not always provide definitive evidence for CoCV infection, as specific inclusion bodies were found in only 51% of the pigeons confirmed to be circovirus-infected using EM. Several other agents cause damage to the lymphoreticular tissue and it may be difficult to differentiate lesions from age-related changes due to involutio n of the bursa and thymus. Negative-stained electron microscopic examination of lymphoreticular tissue, particularly the bursa of Fabricius, was shown to be a simple and fast method for circovirus detection.
Since electron microscopy is not within reach for every diagnostic laboratory and PCR facilities are increasingly available, a PCR assay was developed for the detection of CoCV. The nested PCR used in this study detected 1.3 copies of a CoCV genome and is a highly sensitive diagnostic tool. Compared with ISH and EM, this PCR assay detected CoCV infection in larger numbers of pigeons. Analysis of a tissue collection from one diseased bird revealed CoCV throughout the tissues and organs. Further investigations are planned to evaluate the reliability of the nested PCR for CoCV detection in blood droplets dried on blotting or filter paper. A test like this would be helpful to examine the prevalence of CoCV among healthy pigeons. Detection of CoCV in embryonic tissue suggested vertical transmission of the agent and virus persistence in the adult pigeon.
ISH results confirmed that histopathologica l changes of lymphoreticular tissue corresponded with the location of CoCV nucleic acid. A high correspondence between ISH and EM results indicated that ISH is also a reliable diagnostic tool.
The grade of damage of the lymphoreticula r tissue in CoCV-infected animals varied but a serious disturbance of immune system tissue was suggested in the majority of cases. Multiple infections and the detection of various agents of low or unknown pathogenicity indicated that acquired immunodeficiency may be associated with CoCV infection. Circovirus infection is therefore likely to have an impact on the course and severity of various concurrent infections. Experimental infections will be required to obtain definitive information on the pathogenicity of CoCV and its effects on the immune system. Cultivation of the virus remains a prerequisite for a deeper insight into virus properties and the development of immunodiagnostic methods. 
RESUMEN

Estudio sobre el diagnóstico de la infección por circovirus de paloma
Se llevó a cabo un estudio sistemático para determinar, por un lado, la frecuencia de la infección por circovirus de la paloma (CoCV) en palomas jóvenes enfermas remitidas para necropsia y, por otro lado, la relevancia de este agente vṍ rico en la salud de las palomas. También se compararon los métodos diagnósticos existentes. De 176 palomas jóvenes enfermas examinadas, se detectó infección por CoCV en 83 casos mediante microscopṍ a electrónica utilizando contraste negativo. El examen histopatológico únicamente permitió un diagnóstico claro en 42 palomas. En consecuencia, se desarrollaron, como técnicas de diagnóstico complementarias, la técnica de reacción en cadena de la polimerasa (PCR), asṍ como el test de hibridación in situ (ISH). El CoCV es el agente infeccioso que se detecta con más frecuencia en palomas jóvenes enfermas. Las palomas infectadas mostraron además un amplio rango de infecciones concomitantes. Los hallazgos histopatológicos sugieren un efecto inmunosupresivo del CoCV.
